Enantioselective Michael addition of aldehydes to nitroalkenes was successfully carried out by an asymmetric catalysis with L-phenylalanine lithium salt, giving γ-nitroaldehydes in good yields with high enantioselectivity.
Introduction

10
Asymmetric carbon-carbon bond formation is an extremely important technology in modern organic synthesis. An exhaustive investigation of transition metal catalysts and asymmetric ligands by chemists has made various organic syntheses with high enantioselectivity possible. Compared 15 with the history of transition metal catalysis, asymmetric organocatalysis is still in a developing period; however, organocatalysis has achieved explosive growth in the past decade. 1 In organocatalysis based on the formation of an imine-enamine intermediate from carbonyl compounds, 20 secondary amines, especially L-proline and its derivatives, have generally been employed as catalysts. Within common natural amino acids, however, only a few secondary amino acids are available, while more than 20 types of primary amino acids are readily obtainable from commercial sources. 25 Although the use of primary amines as asymmetric catalysts is behind compared with that of secondary amines, results of successful works have been published in recent years. 2 The Michael addition of aldehydes to nitroalkenes is a useful method to obtain γ-nitroaldehydes, and various 30 enantioselective organocatalyses have been published. [3] [4] [5] Most of them are enamine-based catalyses using a secondary amine catalyst, 4 since secondary amines can generate enamines from carbonyl compounds more readily than can primary amines. However, in the case of using sterically hindered carbonyl 35 compounds such as α-branched aldehydes as substrates, primary amines can generate enamines more readily than can secondary amines. Indeed, primary amine catalysts are generally effective for the Michael addition of α-branched aldehydes with nitroalkenes. 5 Recently, we found that the 40 Michael addition of isobutyraldehyde with nitrostyrene was effectively promoted by a primary amino acid lithium salt, and we reported the results in a short communication. 6, 7 In this paper, we disclose the details of primary amino acid lithium salt-catalyzed Michael addition reactions of various 45 aldehydes with nitroalkenes.
Results and discussion
First, we examined the Michael addition of isobutyraldehyde (1a) to (E)-β-nitrostyrene (2a) by using a primary amino acid, L-phenylalanine, as a catalyst; however, the catalyst did not 50 dissolve in the reaction media and no reaction was observed (Table 1 , entry 1). We assumed that the addition of Lphenylalanine to 1a did not occur well, since the amino acid firmly forms a zwitterion, R(NH 3 + )COO -, in the reaction conditions. Therefore, in order to increase the basicity, L- 55 phenylalanine was treated with a base to prepare an amino acid salt, Phe-OM. 7 To our delight, we found that Lphenylalanine lithium salt, which can be readily prepared from L-phenylalanine and lithium hydroxide, promoted the reaction of 1a with 2a effectively to give the Michael adduct 60 3a in 92% yield with 94% ee (Table 1 , entry 2). Other alkaline metal salts and a magnesium salt of L-phenylalanine also promoted the Michael addition to afford 3a with high enantioselectivity; however, the reaction rate was reduced compared to that of the lithium salt (Table 1, entries 3-7) .
Methyl L-phenylalaninate was also used as a catalyst; however, the starting material 2a was recovered (Table 1,  entry 8) . From these results, it was found that an amino acid lithium salt is necessary to progress the Michael addition of 1a to 2a effectively. The lithium cation behaves probably as a 70 Lewis acid to aid the formation of enamine between the catalyst and 1a as shown in Eq. 1. 8 Although an attack of an enolate of 1a can produce 3a, the enamine mechanism seems to be preferable, since the use of a stronger base than the lithium salt resulted in a slow reaction rate. (1) Then, other readily obtainable amino acid lithium salts were evaluated for the Michael addition reaction. Relatively bulky amino acids, L-phenylalanine, L-valine, D-phenylglycine and L-tert-leucine, gave 3a with over 90% ee ( d Determined by chiral HPLC analysis. The absolute configuration of the major enantiomer was determined as S by comparison of the optical rotation with that of the literature.
11 e (R)-3a 10 was obtained as a major enantiomer.
Next, we examined a solvent screen with Phe-OLi ( Table 2) . The Michael addition of 1a with 2a in a high-polar solvent, DMSO or DMF, gave the Michael adduct 3a in low yields with low enantioselectivity with many minor products, 15 although nitroalkene 2a was consumed very rapidly ( toluene, were used, better enantioselectivity was observed than that of high-polar solvents (over 90% ee) ( Table 2 , entries 8-11). Hexane gave relatively poor results due to the low solubility of 2a and the catalyst in the solvent ( c Determined by chiral HPLC analysis. 30 Next, we examined further optimization of the reaction conditions for Michael addition of 1a to 2a with Phe-OLi in CH 2 Cl 2 and found that the reaction was completed within 5 h at 25 °C (Table 3 , entry 1). Although a longer reaction time was required, the amount of 1a could be reduced to 1.2 35 equivalents to 2a without considerable loss of yield and enantioselectivity of the product 3a (Table 3 , entry 2). By carrying out the reaction at 0 °C, the enantioselectivity was improved to 98% ee (Table 3 , entry 3). We then investigated the substrate scope of the reaction with 1a. Michael addition 40 reactions with various β-nitrostyrene derivatives, having an electron-donating group or an electron-withdrawing group on the phenyl group, were completed within 4-6 h at 25 °C to provide the corresponding Michael adducts 3b-h in 82-94% yields with 86-95% ee (Table 3 , entries 4-17). A lowering of 45 the reaction temperature to 0 °C increased the enantioselecitivity up to 99% ee. Heteroaromatic nitroalkenes, (E)-2-(furan-2-yl)nitroethene (2i), (E)-2-(thiophen-2-yl)nitroethene (2j) and (E)-2-(3-pyridyl)nitroethene (2k), also gave Michael adducts in good yields (71-96%) with high 50 enantioselectivity (86-96% ee) ( Table 3 , entries 18-23). The Michael addition with conjugated nitroalkadienes such as (E,E)-4-phenyl-1-nitrobuta-1,3-diene (2l) and (E,E)-1-nitrohepta-1,3-diene (2m) afforded 1,4-adducts selectively without the generation of 1,6-adducts (Table 3, entries 24-55   26). 4g,5a,13 Unfortunately, Michael addition reactions using aliphatic nitroalkenes such as (E)-2-cyclohexyl-1-nitroethene (2n) and (E)-4-phenyl-1-nitrobut-1-ene (2o) were very slow even at 25 °C and gave the corresponding Michael adducts with many minor by-products, although the enantioselectivity 60 was high (Table 3 , entries 27 and 28). Since the reaction of a sterically small substrate, (E)-1-nitroprop-1-ene (2p), was completed within 24 h to give the Michael adduct 3p in a good yield with high enantioselectivity, it was found that the bulkiness of nitroalkenes greatly affects the reaction rate 65 ( Table 3 , entry 29). Next, various α-branched and unbranched aldehydes 1b-f were employed as Michael donors for the reaction with 2a (Table 4) . Since Michael addition reactions were very slow at 10 0 °C, the reactions were carried out at 25 °C. The use of asymmetric α-branched aldehydes such as 2-phenylpropionaldehyde (1b) and 2-methylvaleraldehyde (1c) led to low enantioselectivity, although the corresponding Michael adducts, 3q and 3r, were obtained in good yields with 15 moderate syn-diastereoselectivity (Table 4 , entries 1 and 2). The Michael addition of α-unbranched aldehydes, nvaleraldehyde (1d), hydrocinnamaldehyde (1e) and isovaleraldehyde (1f), proceeded slowly to give the Michael adducts 3s-u syn-selectively with high enantioselectivity 20 (Table 4 , entries 3-5). 
Mechanism
Plausible transition states for the Michael addition of 1a to 2a are shown in Fig. 1 . As shown in eqn (1), it is likely that Michael addition proceeds via formation of an enamine from 35 1a and Phe-OLi.
2,5, 9 The benzyl group of the enamine occupies the opposite side of the isobutenyl group to avoid a steric hindrance; therefore, the carboxylate group is fixed on one side of the enamine. Since the absolute configuration of the C-3 stereocenter in the Michael adduct 3a was determined 40 as S, it is thought that the enamine attacks the Re face of nitrostyrene 2a. 4, 5 According to the Seebach and Goliński's model for Michael addition of an enamine to a nitroalkene, 15 there is an electrostatic interaction between the nitrogen atom of enamine and the nitro group; therefore, the transition state 45 of the reaction can be presented as TS-1 or TS-2. If direction of the approach of the enamine to nitrostyrene 2a is controlled by chelation of the nitro group with the lithium cation, the Michael addition will proceed via TS-2. On the other hand, if the enamine approaches nitrostyrene 2a to avoid a steric 50 hindrance and/or an electrostatic repulsion between the carboxylate group and the nitro group, the Michael addition will proceed via TS-1. In this model, the steric hindrance between the two methyl groups of the enamine and the phenyl group of nitrostyrene 2a is smaller than that of TS-2. 55 Therefore, it is likely that the Michael addition of 1a to 2a proceeds via TS-1. As for a transition state for the Michael addition of α-unbranched aldehydes to nitroalkenes, TS-3 and TS-4 can be chosen as candidates, since the absolute configuration of a 5 major enantiomer of the Michael adduct 3u, which was synthesized by the reaction of 1f with 2a, was determined as 2S,3R (Fig. 2) . Generally, enamine-based Michael addition with nitroalkenes gives a syn-diastereomer via the reaction of the thermodynamically stable (E)-enamine with an (E)- 10 nitroalkene, which can be explained by an acyclic synclinal transition model proposed by Seebach and Goliński (Scheme 1, a). 4, 5, 15 Recently, Barbas's group succeeded in antiselective Michael addition of aldehydes with nitroalkenes by forming a (Z)-enamine using a primary amine catalyst. 16 
Experimental
General IR spectra were recorded using a JASCO FT/IR-410 50 spectrometer. 1 H NMR (400 MHz) and 13 C NMR (100 MHz) spectra were recorded on a JEOL JNM-A400II or ECX-400P FT NMR. Chemical shifts, δ are referred to TMS. ESI highresolution mass spectra were measured on a JEOL JMS-T100GC or JMS-T100LC spectrometer. Optical rotation was 55 measured by a JASCO P-2200. Melting points are measured by Yanagimoto micro melting point apparatus and are uncorrected. HPLC was carried out using a JASCO PU-2089 Plus intelligent pump and a UV-2075 Plus UV detector.
Materials
60
Aldehydes were used after distillation. Nitroalkenes 2g, 17a 2h, 17a 2i, 17b 2l, 17c 2n, 17d 2o 17d and 2p 17a,e were prepared according to the literatures. (E,E)-1-Nitrohepta-1,3-diene (2m) was prepared according to the following procedure.
17a,f (E)-4-Methoxy-β-nitrostyrene (2b) was used after 65 recrystallization. (E)-2-(3-Pyridyl)nitroethene (2k) was used after purification by column chromatography. Amino acid salts were prepared according to the literatures. 6, 7 Other materials were purchased from commercial suppliers and were used without purification.
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Synthesis of (E,E)-1-nitrohepta-1,3-diene (2m) 17a,f
In a round-bottomed flask, a mixture of nitromethane (40 mL) and triethylamine (4.2 mL, 30 mmol) was added dropwise to a solution of 2-hexenal (2.9 g, 30 mmol) in nitromethane (20 mL) at 0 °C. The reaction mixture was stirred for 10 h at 0 °C, 5 then 20 h at room temperature. Volatile organics were removed by evapolation to give a crude product. (E)-1-Nitrohept-3-en-2-ol was isolated by column chromatography (silica gel, hexane/EtOAc) in 47% yield (2.23 g, 14 mmol). To a solution of (E)-1-nitro-3-hept-3-en-2-ol (2.23 g, 14 mmol) 10 and N,N-dimethylaminopyridine (51 mg, 0.42 mmol) in CH 2 Cl 2 (50 mL), trifluoroacetic anhydride (2.1 mL, 15 mmol) was added at 0 °C. After the reaction mixture was stirred for 5 h at room temperature, saturated aqueous NaHCO 3 was added and extracted with CH 2 Cl 2 . The combined organic phase was 15 washed with water, dried over MgSO 4 and concentrated under reduced pressure. The obtained crude (E)-1-nitro-2-trifluoroacetoxyhept-3-ene was dissolved in CH 2 Cl 2 (50 mL), and N,N-dimethylaminopyridine (51 mg, 0.42 mmol) was added to the solution at room temperature. After the reaction 20 mixture was stirred for over night at room temperature, saturated aqueous NaHCO 3 was added and extracted with CH 2 Cl 2 . The combined organic phase was washed with water, dried over MgSO 4 
2,2,3-Trimethyl-4-nitrobutanal (3p)
The enantioselectivity was determined by HPLC analysis 
